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ABSTRACT
Custom-designed zinc finger nucleases (ZFNs),
proteins designed to cut at specific DNA sequences,
are becoming powerful tools in gene targeting—the
process of replacing a gene within a genome by
homologous recombination (HR). ZFNs that combine
the non-specific cleavage domain (N) of FokI endo-
nuclease with zinc finger proteins (ZFPs) offer a
general way to deliver a site-specific double-strand
break (DSB) to the genome. The development of
ZFN-mediated gene targeting provides molecular
biologists with the ability to site-specifically and
permanently modify plant and mammalian genomes
including the human genome via homology-directed
repair of a targeted genomic DSB. The creation of
designer ZFNs that cleave DNA at a pre-determined
site depends on the reliable creation of ZFPs that can
specifically recognize the chosen target site within a
genome. The (Cys2His2) ZFPs offer the best frame-
work for developing custom ZFN molecules with
new sequence-specificities. Here, we explore the
different approaches for generating the desired cus-
tom ZFNs with high sequence-specificity and affinity.
We also discuss the potential of ZFN-mediated gene
targeting for ‘directed mutagenesis’ and targeted
‘gene editing’ of the plant and mammalian genome
as well as the potential of ZFN-based strategies as a
form of gene therapy for human therapeutics in the
future.
INTRODUCTION
The genome of biological species encodes the DNA sequence,
the digital information guiding cellular life that can now be
completely deciphered. With the advent of genomics over the
past decade, the genome of many microbes, plants, animals
and humans have been completely sequenced and annotated.
Scientists can now embark on their quest to understand and
manipulate a biological system as a whole with a known core
of complete genomic sequence information of a species. The
genome codes fortwo typesof information, namely,genes that
are responsible for developmental and physiological function
of the organism; and control elements, which modulate the
levels of expression of individual genes that execute functions
of life. They form gene regulatory networks with the groups of
other genes to mediate physiological and developmental
responses. This genomic sequence information is critical for
genome engineering of plant and mammalian cells including
the human cells withoutdisturbing the program oflife encoded
by the genome.
Molecular biologists have long sought the ability to manip-
ulate or modify plant and mammalian genomes including the
human genome at speciﬁc-sites. How does one achieve tar-
geted genome engineering of plant and mammalian cells?
(1,2). Cells use the universal process of homologous recomb-
ination (HR) to mediate site-speciﬁc recombination to main-
tain their genomic integrity, especially during the repair of a
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cells since they have the potential to scramble the digital
information encoded within the genome of cells. DSB repair
of a damaged chromosome by HR in a cell is the most accurate
form of repair, which works via the copy and paste mechan-
ism, usually using the homologous DNA segment from the
undamaged sister-chromatid as a template. Gene targeting—
the process of replacing a gene by HR—uses an extra-
chromosomal fragment of donor DNA and invokes the cell’s
own repair machinery for gene conversion (3,4). Spontaneous
gene targeting isnotavery efﬁcient process inmammalian and
plant cells; about only one in a million treated cells undergo
the desired gene modiﬁcation. However, the introduction of a
deﬁned chromosomal break at a unique site within a genome
has been shown to stimulate HR at that local site in cells to
repair the DSB up to 50000-fold (5,6).
Zinc ﬁnger nucleases (ZFNs)—proteins custom-designed to
cut at speciﬁc DNA sequences—were originally developed in
our lab for this purpose of delivering a targeted genomic DSB
within plant and mammalian cells to enable such gene target-
ing experiments. Reports from several labs including ours
using model systems have shown that custom-designed
three-ﬁnger ZFNs ﬁnd and cleave their chromosomal targets
in cells; and as expected, they induce local HR at the site of
cleavage (1,7–10). More recently, Urnov et al. (11,12)
designed four-ﬁnger ZFNs that recognize an endogenous tar-
get site within the IL2Rg gene underlying the human X-linked
disease, severe combined immune deﬁciency (SCID) and used
them for ZFN-mediated gene targeting to achieve highly efﬁ-
cient and permanent modiﬁcation of the IL2Rg gene in human
cells—a remarkable gene modiﬁcation efﬁciency of 18% of
treated cells was obtained without selection, approximately
one-third of which were altered on both X-chromosomes—
attesting to the awesome power of the ZFN technology and
raising the hope of applying ZFN-based strategies for human
therapeutics in the future and raising the hope of applying
ZFN-based strategies for human therapeutics in the future.
In this review we discuss the design and selection of zinc
ﬁnger proteins (ZFPs) (section 2), the development of ZFNs
(section 3), the general mechanism of DSB repair (section 4),
and ﬁnally, the use of ZFNs in stimulating gene targeting
(section 5).
ZFPs
The modular structure of zinc ﬁnger (ZF) motifs and modular
recognition by ZF domains (Figure 1) make them the most
versatile of the DNA recognition motifs for designing artiﬁcial
DNA-binding proteins (13,14). Each ZF motif consists of  30
amino acids and folds into bba structure (Figure 1A), which is
stabilized by chelation of a zinc ion by the conserved Cys2His2
residues. The ZF motifs bind DNA by inserting the a-helix
into the major groove of the DNA double helix (15). Each
ﬁnger primarily binds to a triplet within the DNA substrate.
Key amino acid residues at positions  1, +1, +2, +3, +4, +5
and +6 relative to the start of the a-helix of each ZF motifs
contribute to most of the sequence-speciﬁc interactions with
the DNA site (15–17). These amino acids can be changed
while maintaining the remaining amino acids as a consensus
backbone to generate ZF motifs with different triplet
sequence-speciﬁcities (18,19). Binding to longer DNA
sequences is achieved by linking several of these ZF motifs
in tandem to form ZFPs (Figure 1B) (20–22). The designed
ZFPs provide a powerful platform technology (Figure 2) since
other functionalities like non-speciﬁc FokI cleavage
domain (N), transcription activator domains (A), transcription
repressor domains (R) and methylases (M) can be fused to a
ZFPs to form ZFNs respectively, (23–26), zinc ﬁnger tran-
scription activators (ZFA) (27–32), zinc ﬁnger transcription
repressors (ZFR) (33–35) and zinc ﬁnger methylases (ZFM)
(36,37) (Figure 2).
Design strategy for ZFPs
The creation of ZFNs that recognize and cleave any target
sequence depends on the reliable creation of ZFPs that can
speciﬁcally recognize that chosen target. The identiﬁcation
of ZF motifs that speciﬁcally recognize each of the 64
Figure1. StructuresofanindividualZFmotif(A)andafour-fingerZFP,which
is formed by linking four such individual ZF motifs (B). Zif268 bound to its
cognate DNA site (C) and potential binding of Zif268 to degenerate sites (D).
The key basecontactswere deduced fromthe crystalstructureof Zif268–DNA
complex (44). Each finger makes contact with its target 3 bp site. In addition,
Asp
2 at position2 in each fingermakescontactwitha baseoutside the 3bp site
(C). Fingers 1 and 3 of Zif268 make specific contacts only with two bases of
their cognate DNA triplets, while specific base contacts are seen with all the
three bases of finger 2. Zif268 could potentially bind to other secondary or
degenerate sites (D) as indicated, where N ¼ G, A, T or C.
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of ‘artiﬁcial’ DNA-binding proteins that recognize any pre-
determined target sequence within a plant or mammalian gen-
ome. Although numerous structural studies of ZFP–DNA
complexes are available, the information is not yet sufﬁcient
for rational design of ZFPs that bind to any pre-selected
DNA sequence (13). So far, only ZF modules that speciﬁcally
recognize 50-GNN-30 and 50-ANN-30 triplets have been iden-
tiﬁed through design and selection strategies (38–40). More
recently, ZF motif recognition preferences for the 50-CNN-30
triplets have been published (41). A few ZF motif designs for
50-TNN-30 triplets are also available in literature (42).
The designed ZFPs appear to have the highest afﬁnity and
sequence-speciﬁcity for their targets only when the individual
ZF motif designs are chosenin the context of their neighboring
ﬁngers. The presence of Asp
2at position 2of the a-helix of the
preceding ZF motif promotes a cross-strand contact to a base
outside the canonical triplet site, resulting in a target site
overlap (15,43) (Figure 1C). While this increases the afﬁnity
of the ZFP to the target site, it also precludes the presence of a
simple general recognition code for easy rational design of ZF
motifs-based DNA-binding proteins. The target site overlap
problem arises only when Asp is present at position 2 of the a-
helix of the preceding ZF motif. Thus, in many instances
because of the presence Asp
2, the individual ZF motifs of a
ZFP rather than binding to a DNA triplet actually recognizes a
4 bp DNA target complicating the design strategy. However,
many studies have shown that ZFPs with sufﬁcient afﬁnity and
speciﬁcity suitable for many biological applications could be
engineered using the known ZF motif designs by a simple
assembly strategy (25).
Selection strategies for ZFPs
The phage display selection method is commonly used to
identify three-ﬁnger ZFPs that bind to a desired target DNA
site. Workers in the ﬁeld have utilized three-ﬁnger Zif268-
derived phage libraries for selection of ZFPs that recognize
speciﬁc 9 bp sequences (44,45). Here, key amino acid residues
( 1t o+6 position of the a-helix) that could potentially con-
tact the DNA in each of the individual ZF motifs within a
three-ﬁnger ZFP are randomized to generate a mutant library
from which the desired high afﬁnity three-ﬁnger ZFPs that
bind to the chosen target site are selected. Since randomization
of all the seven potential DNA contact positions of individual
ZF motifs even in a three-ﬁnger ZFP results in an unmanage-
able number of possible mutants, only partial libraries are
generally created by restricting randomizations to a few key
residues within the DNA contact region of the a-helix in each
ZF motif of a ZFP. Furthermore, the libraries are limited by
the maximal experimental transfection efﬁciencies (which are
in the order of 10
9–11) that are achievable using bacterial cells.
Figure 2. ZFP platform technology. Other functionalities like non-specific FokI cleavage domain (N), transcription activator domain (A), transcription repressor
domain (R) and methylases (M) can be fused to ZFPs to form respectively ZFN, ZFA, ZFR and ZFM. The literature references for each of these chimeric ZFPs and
their potential biological applications are given in brackets.
5980 Nucleic Acids Research, 2005, Vol. 33, No. 18Several studies using Zif268-derived phage libraries for
selection of three-ﬁnger ZFPs have been reported in literature
(44,46,47). Although they yield the desired high afﬁnity
ZFPs, these experiments are too laborious and too cumber-
some to perform and require special expertise in library
construction and afﬁnity selection using the phage display
methodology. Furthermore, phage display selection of
Zif268-derived libraries is constrained for two reasons:
(i) The target site overlap problem posed by the presence of
Asp
2 at position 2 of the a-helix of each ﬁnger of Zif268
protein (Figure 1C); this makes selection of ZFPs using
phage display libraries more difﬁcult. (ii) The variability
of the backbone residues between each of the three ZF
motifs of Zif268 results in a variety of non-standard docking
arrangements giving rise to different side chain-base contacts.
The diversity of these contacts places obvious limits on a
simple modular recognition code for the ZF motifs within
the ZFPs.
As a result, research using phage display selection methods
has taken two different routes. The ﬁrst is based on a ‘parallel’
selection strategy, which is based on functional independence
of individual ZF motifs in the ZFPs, i.e. each individual ﬁnger
in a ZFP binds to its recognition site independent of its neigh-
boring ﬁnger (Figure 3A). The main goal of this strategy was
to ﬁnd ZF motifs that bind speciﬁcally to each of the 64
possible DNA triplets, which then could be used in the design
strategy for assembling the desired ZFPs by mixing and
matching the various ZF motif designs as discussed above.
This parallel strategy was useful in developing ZF motif
designs that are speciﬁc for the 50-GNN-30 (40,46) and 50-
ANN-30 (38) triplets. However, ZFPs assembled using these
known ZF motif designs do not always have the desired
sequence-speciﬁcity and afﬁnity because not all of the avail-
able ZF designs bind to their cognate DNA triplets in a highly
sequence-speciﬁc manner; they also bind degenerated sites
(Figure 1). Hence, the designed ZFPs often require further
optimization to obtain those with the desired sequence-
speciﬁcity and high afﬁnity.
The second approach is based on a ‘sequential’ selection
strategy, where individual ﬁngers are selected in the context of
its neighbors, and thereby, circumvent the constraints placed
by the target site overlap problem (Figure 3B) (44). However,
this requires construction of multiple ZFP libraries and
multiple selections for each and every ZFP that is desired,
which is a tedious and time-consuming effort. A variation
of the ‘sequential’ selection theme is the ‘bipartite’ strategy,
which utilizes two pre-generated ZFP libraries in each of
which one-and-a half ﬁngers of a three-ﬁnger ZFP are partially
randomized at the key residues that make contact with DNA
(Figure 3C) (47,48). The N-terminal part of the ZFP is ran-
domized in one library while the C-terminal half is random-
ized in the other. Selection is done in parallel using the 50 and
30 halves, respectively of the target sequence. Selections from
the individual libraries are then recombined and selected again
using the full target site to obtain the ZFP with the desired
speciﬁcity and afﬁnity. Although they yield the desired high
afﬁnity ZFPs, all these selection approaches are very labor
intensive and too cumbersome to perform routinely and
require special expertise. Furthermore, selection approaches
become untenable with increasing number of ZF motifs within
the ZFPs, since this will result in an exponential increase in the
Figure 3. Strategies for the production of ZFPs with desired DNA-binding
specificity[adaptedfromreference(14)].(A)Parallelselection;(B)Sequential
selection; and (C) Bipartite selection. Parallel selection (A) is based on func-
tional independence of individual ZF motifs in the ZFPs, i.e. each individual
finger in a ZFP binds to its recognition site independent of its neighboring
finger. In ‘sequential’ selection strategy (B), individual fingers are selected in
the context of its neighbors, and thereby, circumvent the constraints placed by
the target site overlap problem (Figure 1). However, this requires construction
of multipleZFPlibraries and multiple selections for each and everyZFP thatis
desired, which is a tedious and time-consuming effort. The ‘bipartite’ strategy
(C) utilizes two pre-generated ZFP libraries in each of which one-and-a half
fingers of a three-finger ZFP are partially randomized at the key residues that
make contact with DNA. The N-terminal part of the ZFP is randomized in one
librarywhiletheC-terminalhalfisrandomizedintheother.Selectionisdonein
parallel using the 50 and 30 halves, respectively of the target sequence. Selec-
tionsfromtheindividuallibrariesarethenrecombinedandselectedagainusing
the full target site to obtain the ZFP with the desired specificity and affinity.
Although they yield the desired high affinity ZFPs, all these selection
approaches are very labor intensive and too cumbersome to perform routinely
and require special expertise. Asterisks indicate pre-selected libraries.
Nucleic Acids Research, 2005, Vol. 33, No. 18 5981ZFP library members, all of whom cannot be sampled in a
single phage display selection experiment.
ZFP selection strategies in an in vivo context
The phage display method discussed above requires several
rounds of ZFP selection and these selections do not occur in an
in vivo setting. Alternate systems with a number of advantages
exist including a bacterial two-hybrid system developed by
Joung et al. (49) in which a desired ZFP–DNA interaction was
linked to transcriptional activation of the yeast HIS3 gene.
These systems have the advantage that ZFP with the desired
afﬁnity can be identiﬁed in a single round (instead of multiple
rounds for phage display) and that the afﬁnity is selected for in
an in vivo setting. As in all genetic reporter systems, the cor-
relation of protein activity (i.e. binding afﬁnity of a ZFP) of a
particular clone to the transcription of a reporter gene must be
doneunder the assumptionthat the protein concentration inthe
cell does not vary greatly from clone to clone.
The bacterial two-hybrid system developed by Joung et al.
(49,50)linksZFP-binding toexpressionoftheyeastHIS3gene
that can complement a defect in growth in Escherichia coli
cells bearing a deletion of the hisB gene. In this system, the
ZFPs are fusedtothe yeast Gal11P protein.Gal11P hasafﬁnity
for the yeast Gal4 protein. Gal4 is fused to a fragment of the
a-subunit of E.coli RNA polymerase (RpoA[1–248]). The
ZFP–Gal11P and Gal4–RpoA[1–248] fusions are encoded
on separate, compatible plasmids. The desired ZF-binding
site is positioned on the episome at position  63 in a promoter
upstream from theHIS3gene. Thus,binding ofthe ZF–Gal11P
fusion to this binding site recruits the Gal4–RpoA[1–248]
fusion which in turn recruits the rest of the RNA polymerase.
The stimulation of HIS3 transcription that results allows for
growth of a hisB strain on selective minimal media plates. The
stringency of the system can be increased by the addition of
the HIS3 competitive inhibitor 3-aminotriazole to the plates to
select for ZFs with very high afﬁnity. This system has many
advantages over phage display including: (i) single-step iso-
lation of candidates in an in vivo context from libraries >10
8 in
size and (ii) the bypass of complications associated with the
export of proteins to the cell membranes. This bacterial two-
hybrid system, combined with a domain shufﬂing strategy,
has been successfully used to select ZFs with sub 100 pM
dissociation constants for their desired target (50).
More recently, we have developed bacterial one-hybrid
systems for selecting the desired ZFP and testing its
sequence-speciﬁcity in vivo (51). This system was derived
from a bacterial one-hybrid system developed by Hochschild
et al. (52,53) that used lacZ as a reporter gene in a genetic
screen (Figure 4A). In our system, we have two different
reporter genes chloramphenicol acetyltransferase (Cm
R) and
green ﬂuorescent protein (GFP) (Figure 4B). Our system util-
izes two plasmids. On the ﬁrst, a desired ZFP [in our case a
ZFP named DQNK; for more details see (54)] is fused to a
fragmentofthe a-subunit ofRNApolymerase (RpoA–DQNK)
via a 22 amino acid linker whose length has been optimized
using incremental truncation. On the second plasmid (reporter
plasmid), the binding site for the ZFP is centered in a promoter
at position  55 relative to the start of transcription (the
position was also optimized using incremental truncation)
upstream either from the genes for Cm
R or GFP. Binding
of the ZFP domain of RpoA–DQNK to this binding site results
in a 10-fold increase in chloramphenicol resistance or a 8-fold
increase in green ﬂuorescence (51). Single base changes in the
DQNK-binding site (sites to which the ZFP does not bind)
eliminate the transcriptional stimulation. Both systems have
been used to select for ZFPs that selectively bind the motif
50-GGGGCAGAA-30 fromalibraryof160000variants(onthe
protein level) in which the amino acids at positions  1, 2, 3
and 6 of the middle ﬁnger were randomized. The results
obtained were consistent with those obtained from the phage
display methodology. Since transcription levels may or may
not reﬂect afﬁnities of the ZFPs, we converted four of the
selected ZFPs namely NDDR, QETR, QSNK and QSTK
(where the capital letters represent the amino acid at positions
 1, 2, 3, and 6 of the a-helix, respectively) into ZFNs and
tested them for sequence-speciﬁc cleavage of the DQNK sub-
strate. NDDR-FN and QETR-FN cut the plasmid substrate
with the inverted DQNK sites as well as DQNK-FN, while
QSNK-FN and QSTK-FN, as expected, were less active
(S. Durai, M. Mani and S. Chandrasegaran, unpublished data).
These results are consistent with their observed activity
in our one-hybrid green ﬂuorescence reporter system. This
suggests that the one-hybrid single-reporter systems could
be used as an easier to perform system for interrogating
ZFP–DNA interactions.
ZFNS
Domain structure of FokI endonuclease
FokI restriction enzyme, a bacterial type IIS restriction endo-
nuclease recognizes the non-palindromic pentadeoxyribonuc-
leotide, 50-GGATG-30:5 0-CATCC-30, in duplex DNA and
cleaves 9/13 nt downstream of the recognition site (55,56).
Figure4.One-hybridsystemfordetectionofZF–DNAinteractions(A)Schem-
atic of genetic selection system for interrogating ZF–DNA interactions. (B)
Plasmids for one-hybrid genetic selection system. The reporter gene, either
chloramphenicol acetyltransferase (CAT), or GFP is located downstream from
aweaklacderivativepromoter(Pwk)onpDBseriesplasmids.A9bptargetsite
for binding by the ZF is located at a specific distance from the start of tran-
scription.OnthepAseriesofplasmids,thegenefortheZFisfusedtoafragment
of the a-subunit of RNA polymerase (rpoA[1–248]) via a sequence coding for
anaminoacidlinker.BindingoftheRpoA[1–248]–ZFfusionto the9bpsitein
the reporter plasmid recruits the other RNA polymerase subunits to stimulate
transcription of the reporter gene.
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age. This implies the presence of two separate protein domains
within FokI: one for sequence-speciﬁc recognition of DNA
and the other for the endonuclease activity. Once the DNA-
binding domain is anchored at the recognition site, a signal is
transmitted to the endonuclease domain, probably through
allosteric interactions, and the cleavage occurs. We reasoned
that one may be able to swap the FokI recognition domain with
othernaturally occurring DNA-binding proteins thatrecognize
longer DNA sequences or other designed DNA-binding motifs
to create chimeric nucleases.
As a ﬁrst step, we probed the domain structure of FokI
restriction endonuclease by limited proteolysis using trypsin.
Our studies revealed an N-terminal DNA-binding domain
and a C-terminal domain with non-speciﬁc DNA cleavage
activity (57,58). Waugh and Sauer (59,60) later showed that
singleaminoacidsubstitutions decouple theDNA-bindingand
strand scission activities of FokI endonuclease. The mode
of DNA-binding by FokI has been analyzed by DNA foot-
printing methods (61,62). These studies show a lack of pro-
tection at the cleavage site of DNA by FokI. Wah et al. (63,64)
reported the crystal structures of FokI and FokI-bound to its
cognate site, which conﬁrmed the modular nature of FokI
endonuclease. The endonuclease domain appears to be
sequestered in a ‘piggyback’ fashion by the recognition
domain by protein–protein interactions. This is consistent
with the DNA foot-printing analysis. Thus, the crystal struc-
ture of FokI endonuclease is in complete agreement with the
model derived from rigorous biochemical studies. Later
reports have shown that the release of the endonuclease
domain from the recognition domain enables it to swing
over the DNA cut site and that the cleavage occurs only
when FokI is bound to its cognate site and only in the presence
of magnesium ions. Further studies on the mechanism of
cleavage by FokI have shown that the dimerization of the
endonuclease domain is required for FokI to produce a
DSB (65).
Engineering of ZFNs
The modular nature of FokI endonuclease suggested that it
might be feasible to engineer chimeric nucleases by fusing
other DNA-binding proteins to the cleavage domain of FokI.
This turned out to be true. We created several novel chimeric
endonucleases by fusing the FokI cleavage domain to other
DNA-binding proteins. The latter include the three common
eukaryotic DNA-binding motifs namely the helix–turn–helix
motif, the ZF motif and the basic helix–loop–helix protein
containing a leucine zipper motif (bzip). The ﬁrst chimeric
endonuclease was created by linking the Drosophila Ubx
homeodomain to the cleavage domain of FokI endonuclease
(66). This was followed by the fusion of classical Cys2His2
ZFPs and the N-terminal 147 amino acids of the yeast Gal4
protein (contains the bzip motif), respectively, to the cleavage
domain of FokI (23,67). Such fusions were shown to make
speciﬁc cuts in vitro very close to their expected recognition
sequences. Since our ﬁrst report, other labs have reported
making FokI nuclease domain fusions with other DNA-
binding proteins (68–71). FokI fusions have also been used
to identify high and low afﬁnity binding sites of transcription
factors in vitro (72), to study recruitment of various factors to
the promoter sites in vivo using the method called protein
position identiﬁcation with a nuclease tail (PIN*POINT)
assay (69,73–76) and to study Z-DNA conformation speciﬁc
proteins (68,77).
The most important group of chimeric nucleases is the
ZFNs. ZF-DNA-binding motifs, because of their modular
structure and modular binding, as discussed above, offer an
attractive framework for designing ZFNs with tailor-made
sequence-speciﬁcities (1,2,78). Several three-ZFPs, each
recognizing a 9 bp sequence, have been fused to the non-
speciﬁc endonuclease domain of FokI to form ZFNs. The
binding speciﬁcity of ZFPs has been shown to correlate
directly with the cleavage speciﬁcity of the corresponding
engineered ZFNs (25,54).
Mechanism of double-strand DNA cleavage by ZFNs
Studies on the mechanism of double-strand cleavage by ZFN
has shown that it requires dimerization of the nuclease domain
(Figure 5) in order to cut the DNA substrate (24,79). ZFN
dimerization, and hence double-strand cleavage, seems to be
facilitated by two closely oriented inverted binding sites (that
is the binding sites are positioned in an head to tail orientation
on the top and bottom strands of the DNA substrate; Figure 5)
(24). These results are consistent with the literature reports
on the mechanism of DNA cleavage by FokI restriction
enzyme. The ﬁrst clue to FokI dimerization through its cleav-
age domain came from the elegant work of Neil Aggarwal’s
lab on the crystal structure of native FokI restriction
endonuclease. Subsequent kinetic studies also indicated that
dimerization of FokI restriction enzyme through its nuclease
domain is essential in order to cut the double-stranded DNA
substrate (63,65).
Since a three-ﬁnger ZFN requires two copies of the 9 bp
recognition sites in a tail-to-tail orientation in order to dimer-
ize and produce a DSB, it effectively has an 18 bp recognition
site, which is long enough to specify a unique genomic address
in plants and mammals. In principle, the binding sites need
not be identical provided the ZFNs that bind both sites are
present. We have shown that two ZFNs with different
Figure 5. Athree-fingerZFN(calledDQNK–FN)boundtoitstargetsequence.
Sincethethree-fingerZFNrequirestwocopiesofthe9bprecognitionsitesinan
inverted orientation in order to dimerize and produce a DSB, it effectively has
an 18 bp recognition site. The three-finger ZFP (DQNK) was fused to the FokI
cleavage domain (N or FN) to create the ZFN, DQNK–FN (54).
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a DSB when their binding sites are appropriately placed and
oriented with respect to each other (8,24). Since the recogni-
tion speciﬁcity of ZFPs can be manipulated experimentally,
ZFN could be engineered to target a unique site within a plant
or a mammalian genome.
A comparison of the ZFN cleavage of a substrate containing
twoinvertedZFN sites and asubstratecontaininga single ZFN
site has shown that the two inverted ZFN sites appear to
facilitate DSB cleavage to a great extent (79). Furthermore,
the two inverted ZFN sites are cleaved more efﬁciently when
they are positioned closer to each other than further apart but a
minimal spacer of 4–6 bp between the sites must be main-
tained for efﬁcient cleavage (79).
Incidentally, this DNA cleavage mechanism also explains
the observed exquisite sequence-speciﬁcity of ZFNs and their
successful application to in vivo gene targeting experiments in
frog oocytes (8), in Drosophila (7,80), plants (81) and human
cells (9) that are discussed in detail in Section 5. Recombinant
cells from these experiments would not have proven to be
viable since statistically one could expect a large number of
single sites to be available within the plant and mammalian
genome for cleavage for each of the three-ﬁnger ZFNs used
in these studies. We have speculated that the cytotoxicity
observed as a result of continued over expression of a pair
of three-ﬁnger ZFNs (each recognizing a 9 bp DNA sequence)
in cells is probably due to ZFN cleavage at secondary degen-
erate sites positioned inan invertedorientation. Weexpectthat
improvements in the sequence-speciﬁcity and selectivity of
the ZFNs will make them less toxic to cells. In the recent
study by Urnov et al. (11), where use of four-ﬁnger ZFNs
(expected to recognize a 24 bp DNA sequence) have been
shown to promote highly sequence-speciﬁc cleavage in
human cells while exhibiting decreased cytotoxicity. This
suggests that one possible way to increase the sequence-
speciﬁcity of ZFNs is to increase the number of ZF motifs
within the ZFNs.
Sequence-specificity and affinity of ZFNs
The sequence-speciﬁcity and afﬁnity of the ZFNs are only as
good as the ZFPs that are used to engineer them. This is
because in many instances the individual ZF motifs within
ZFPs usually make sequence-speciﬁc contacts with only two
of the bases within the cognate triplet (15,44) (Figure 1C). The
additional base speciﬁc cross-strand contact from the presence
of Asp
2 at position +2 of the a-helix of the neighboring ﬁnger
that precedes the ZF motif increases the afﬁnity and speciﬁcity
of the ZF motif for its triplet subsites. If this is absent, then
only two bases are generally recognized within the cognate
DNA triplet, which more often than not, could result in
ZF motifs recognizing other degenerate sites (Figure 1D).
Because of this, even though a set of three-ﬁnger ZFP are
expected to recognize an 18 bp target in theory, the actual
recognition site is anywhere between 12 and 18 bp depending
on the speciﬁcity of the chosen individual ZF designs for their
cognate triplets. As discussed above, it appears that ZFNs
could be engineered to be highly sequence-speciﬁc by adding
more ﬁngers to the three-ﬁnger ZFPs, thereby, making them
recognize a larger target DNA sequence.
MECHANISM OF DOUBLE-STRAND BREAK
REPAIR IN MAMMALIAN CELLS
The stimulatory nature of DSBs for gene targeting is related to
how cells naturally repair DSBs. DSBs are naturally occurring
eventsthathave thepotentialtocausechromosomalrearrange-
ments or cell death. But cells have redundant mechanisms
to repair DSBs. The two primary mechanisms are by non-
homologous end-joining (NHEJ) and HR (Scheme 1).
In NHEJ, the broken ends are simply ligated back together.
If the DSB is ‘clean’ and the broken ends are compatible,
repair of a DSB by NHEJ will usually be non-mutagenic.
But occasionally, repair of a clean DSB by NHEJ will be
mutagenic. If the DSB is complex—creating ends that are
not compatible, then repair by NHEJ will necessarily be muta-
genic. That is, the repaired DNA will have sequence differ-
ences, either the insertion or deletion of nucleotides, which
were not present in the original segment.
The second major mechanism that cells repair a DSB is by
HR. Conceptually repair of a DSB by HR is by a ‘copy and
paste’ mechanism. Mechanistically, repair of a DSB proceeds
inthefollowingfashionandhasbeenreviewedelsewhere(82).
Here we brieﬂy describe the synthesis-dependent strand-
annealing (SDSA) model of DSB repair by HR (Figure 6).
First, the ends of the DSB are resected to generate 30 single-
stranded tails.Thegenerationofthesetailsrequires theMre11/
Rad50/Nbs1 multi-protein complex but the exact nuclease that
generates the 30 tails remains to be identiﬁed. These 30 tails are
protected from nucleolytic degradation by coating with RPA.
The next step in HR is strand invasion. In this step, Rad51
displaces RPA from the single-stranded DNA (in conjunction
with Rad52 and BRCA2) and the Rad51/ssDNA nucleoﬁla-
ment invades an undamaged homologous segment of DNA.
Then primed DNA synthesis occurs as the undamaged DNA
serves as a template for DNA replication with the invading
strand serving as the primer. After DNA synthesis the complex
becomes unraveled and the DNA strands pair with their ori-
ginal partners. The newly synthesized DNA then serves as a
Scheme 1. Framework for DSB repair in mammalian cells.
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result that a complete undamaged double-strand piece of DNA
is formed. The DNA used as the template is unperturbed and
this is why the mechanism can be conceptualized as ‘copy and
paste’ rather than ‘cut and paste.’
The ﬁdelity of the repair by HR depends on its choice of
homologous DNA to use as a repair template. Usually, the cell
uses the sister-chromatid as a template. Since the sister-
chromatid is identical to the damaged chromosomal DNA
using it as a template will result in a perfect form of repair,
no matter how complex the original DNA break was. Rarely,
however, the cell will use an alternative piece of homologous
DNA as the repair template—either the homolog chromosome
or some other random piece of homologous DNA. If there
are sequence differences between the homologous template
and the damaged DNA, then those differences will be trans-
ferred to the damaged allele. For example, loss of heterozy-
gosity can occur if the chromosomal homolog is used as a
repair template. Finally, if the cell uses an introduced extra-
chromosomal segment of DNA as the repair template, then
gene targeting will result. Thus, gene targeting is the result of
the cell using its own endogenous repair mechanism to repair
a DSB.
Random integration versus gene targeting
In gene targeting, an exogenous piece of DNA is introduced
into the cell. An important aspect to understanding gene tar-
geting is to consider what happens to that piece of DNA. There
are four general outcomes: (i) It can be degraded in which case
the introduction will be of no consequence in the long-term.
(ii) It can be maintained as an episomal fragment. Unless it
containsamammalianoriginofreplication, suchasthatoccurs
on some Epstein–Barr virus (EBV)-based vectors, however,
the piece of DNA will eventually be lost as the cell divides. On
the other hand, if the cell is not dividing, then the fragment of
DNA can be maintained episomally for long periods of time.
This seems to be a frequent occurrence, e.g. when hepatocytes
are infected with adeno-associated virus. (iii) It can be used as
a template for the repair of a DSB by HR and subsequently
lost. If this occurs, then gene targeting occurs as sequence
information from the introduced DNA fragment is transferred
to a homologous segment of the host genome. (iv) It can
integrate randomly into the genome. In random integration,
it is not just information that is transferred to the host genome,
but the actual DNA fragment is integrated into the host gen-
ome. But because it is integrating in a non-homologous fash-
ion, the integration of the DNA is fundamentally a mutagenic
event. Surprisingly little is known about the mechanism of
random integration in mammalian cells. Interestingly, random
integration can occur at sites of DSBs—it appears that the cell
uses the piece of DNA to ‘patch’ a break. When this occurs,
there is no surrounding sequence homology to suggest that the
integration was through an HR mechanism. Certain types of
random integration also appear to be dependent on NHEJ. One
of the appeals of gene targeting is that it is a precise way to
manipulate the genome. In thinking about how to utilize gene
targeting most effectively, one must not only think about how
to increase the frequency that the extra-chromosomal DNA is
used as a repair template for the repair of a DSB by HR, but
also about how to decrease the frequency of the extra-
chromosomal DNA integrating randomly and thereby causing
undesired mutations.
ZFN-MEDIATED GENE TARGETING
Homology-directed repair by HR versus mutagenic
repair by NHEJ
We showed stimulation of HR through targeted cleavage using
ZFNs in frog oocytes via homology-directed repair.In a proof-
of-principle experiment, we have shown in collaboration with
DanaCarroll’s labthatthe three-ﬁnger ZFN(DQQR–FN)ﬁnds
and cleaves its target in vivo (8). This was tested by microin-
jection of DNA substrates and the enzyme into frog eggs.
Figure 6. ZFN-induced homology-directed DSB repair in mammalian cells.
Initially, gene ‘a’ is undamaged. The repair of the gene by HR occurs after the
inductionofaDSB.TheDSBmayarisespontaneouslysuchasbydamagefrom
reactive oxygen species during normal metabolism, induced randomly by the
exposure to ionizing radiation, or induced specifically by ZFNs. The DSB is
then processed to form free 30 single-strand tails, a process that requires the
Mre11/Rad50/Nbs1 complex. The HR machinery, through the actions of the
strand invasion protein, Rad51, then uses the free 30 ends to invade a homo-
logous repair template/donor. How the machinery identifies a homologous
repair donor remains unclear but it is likely that simple physical proximity
plays an important role. In the normal repair of a DSB, the repair donor is the
sister-chromatidandthusthetemplateisidenticaltothedamagedallele.Ingene
targeting, the repair donor would be an extra-chromosomal piece of DNA that
could have sequence differences. In this figure the letter ‘b’ and dark bars
denotes those sequence differences. After stand invasion, primed DNA syn-
thesis occurs to generate new undamaged DNA using the undamaged DNA
as a template. The process is completed by the annealing of the new strand of
DNA with its originalpartner and subsequentuse of that new DNA to template
DNA synthesis. Through this process, original allele (‘a’) is converted into the
repair allele (‘b’) while the undamaged allele is unchanged. This donation of
information from the undamaged allele to the damaged allele is called gene
conversion.
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target. When the appropriate sites were placed in the recomb-
ination substrate, this DNA was cleaved in frog oocytes by the
injected enzyme and HR ensued. These microinjection experi-
ments have shown that >90% of the substrate was cleaved in
vivo and almost all cleaved substrates underwent a speciﬁc-
type of HR by a mechanism called ‘single-strand annealing’.
Although, in this proof-of-principle experiment, an extra-
chromosomal target was used to test the idea, two important
conclusions can be drawn from this study. First, ZFNs ﬁnd and
cleave their targets within cells. Second, the targeted DSB
stimulates HR at the site of cleavage for homology-directed
repair of DSB.
The obvious next step was to show site-speciﬁc cleavage of
a chromosomal target within cells by ZFNs. Just this was done
by Dana Carroll’s lab, which reported targeted chromosomal
cleavage and mutagenesis in Drosophila melanogaster (80).
A pair of ZFPs that targeted the yellow (Y) gene on the X-
chromosome of Drosophila were designed and then converted
into ZFNs. The nucleases were cloned under the control of
a heat shock promoter and then introduced into Drosophila
genome via P element-mediated transformation. Only when
both ZFNs were expressed in the developing larvae did
somatic mutations occur speciﬁcally in the Y gene. The yellow
mosaics were observed in 46% of males expressing both
ZFNs. No yellow mosaics were observed in control larvae
that expressed a single ZFN or without heat-shock. Germ
line Y mutations were recovered from 5.7% of males but
none from the females tested. This was as expected in female
fruit ﬂies because the targeted DSB would be repaired by
recombination with the uncut Y homolog. In males, only sim-
ple ligation via NHEJ is available to repair the chromosomal
damage. DNA sequence analysis of the mutants revealed that
all mutations were small deletions and/or insertions localized
to the targeted site, which was typical of repair by NHEJ
(80–83). Many of these mutations led to frameshifts or dele-
tion of essential codons of the Y gene. As a result, the male
larvae emerging from the heat shock experiment showed yel-
low patches in the otherwise dark posterior abdomen. In sub-
sequent experiments, Carroll’s lab has recovered y mutations
in female fruit ﬂies,but always at a much lower frequency than
that in male ﬂies. This suggests that if the cleavage efﬁciency
of ZFN was high enough to cut both homologs of the Y gene
simultaneously, one can produce female germline mutations.
Since accurate repair from the homolog appears not to be fully
efﬁcient, it might be possible to induce germline mutations in
autosomal recessive genes using ZFNs (80). Furthermore,
since DSB stimulates mutagenic repair that essentially oper-
atesinallorganisms,targeted cleavage byZFNcouldfacilitate
generationofdirectedmutationsinavarietyofcellsandorgan-
isms. Bibikova et al. (7) then went on to show that gene
targeting is enhanced using designed ZFNs in Drosophila
by 10-fold viahomology-directed repair over those observed
without the targeted cleavage (7). These logical experiments,
which extended the proof-of-principle frog oocyte studies,
demonstrated that the ZFNs could ﬁnd and cleave a target site
embedded within a chromosome and that ZFN-mediated
genomic DSB induces HR using an extra-chromosomal
DNA fragment for repair.
Simultaneously, Porteus and Baltimore (9) described a sys-
tem based on the correction of a mutated GFP gene to study
gene targeting in human somatic cells (Figure 7). In this assay,
targeting is measured by the conversion of GFP negative cells
to GFP positive cells. Since this conversion can be measured
by ﬂow cytometry, millions of cells can be analyzed in a short
period of time. Using this system, they have shown that gene
targeting using three-ﬁnger ZFNs is stimulated over 2000-fold
by targeted chromosomal cleavage. An important ﬁnding from
their work is that continued over expression of the three-ﬁnger
ZFNs in human cells was cytotoxic; as much as 75% of the
targeted cells were lost due to cytotoxicity.
More recently, Urnov et al. (11) have shown that ZFNs
could be made less cytotoxic by engineering highly
sequence-speciﬁc ZFNs. They assembled two four-ﬁnger
ZFNs, which together recognize and cut a 24 bp site in the
IL2Rg gene. ZFNs were further optimized for their sequence-
speciﬁc cleavage by tinkering with individual ZF motifs
within the ZFPs and testing them in cells for ZFN-mediated
correction of a mutated GFP gene as discussed above (9).
These were then used for ZFN-mediated gene targeting in
human cells; they achieved highly efﬁcient and permanent
modiﬁcation of the IL2Rg gene. A remarkable gene modiﬁca-
tion efﬁciency of 18% of treated cells was obtained without
selection, approximately one-third of which were altered on
both X-chromosomes. By using a set of four-ﬁnger ZFNs the
target recognition was enlarged from 18 to 24 bp. This along
with further optimization at the level of individual ZF motifs
Figure 7. Diagram of the GFP gene targeting reporter system. ZFN-mediated
genetargetingresultsintheconversionofGFPnegativecellsintoGFPpositive
cells,whichisdetectedusingflowcytometry.GFP*,mutatedGFPgene;tGFP,
truncated GFP gene.
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speciﬁcity and selectivity that were less toxic to cells. Thus,
increasing of the sequence-speciﬁcity of ZFNs appears to
greatly reduce their cytotoxicity. Thus, these studies have
established that ZFN-mediated gene targeting as a powerful
researchtool thatcouldbeusedtogenerate ‘targeted mutation’
by NHEJ, and ‘gene correction’ by HR in cells and organisms.
In summary, a number of conclusions can be made about
the applicability of ZFNs to gene targeting from these studies.
A simple assembly approach is most likely to result in useful
ZFNs if the target sequence ﬁts the 50-GNNGNNGNN-30 con-
sensus. A recent report by Alwin et al. (84) shows that it is
possible to create the assembly approach by an active ZFN to a
target sequence that contained a mixture of ANN and GNN
triplets; but it remains to be seen how easy it is to target such
sequences in general. With the recent publication by Dreier
et al. (41) of the ZF motif preferences for the CNN triplets, the
repertoire of potential binding sequences may increase still
further. But it still remains to be determined whether active
ZFNs can be made by mixing CNN ﬁngers with GNN and/or
ANN ﬁngers since the ZF designs for ANN and CNN triplets
are not as well tested and established experimentally as those
of the GNN triplets.
ZFNs made by simple assembly strategy are likely to be
useful for experimental research purposes, so if the investig-
ator desires to use them for such purposes, the assembly
approach may be good enough. A ZFP design web site will
soon be available at Carlos Barbas laboratory (http://www.
scripps.edu/mb/barbas/zfdesign/zfdesignhome.php). This pro-
gram will identify potential ZFP-binding sites within any tar-
get sequence using the collection of ZFPs that the Barbas lab
has generated over the years. But it appears that the assembled
ZFPs in general have less speciﬁcity and afﬁnity than those
made by selection strategies. Therefore, the ZFNs for human
therapeutics would likely have to be at least in part derived
from a selection strategy. Currently, selection strategies for
ZFPs require a certain degree of expertise but we hope that
other strategies will be developed to perform these experi-
ments with ease and thereby broaden the application of
ZFN-mediated gene targeting to various biological and bio-
medical applications.
The published data appears to suggest that four-ﬁnger ZFNs
may well be better than three-ﬁnger ZFNs. However, such a
comparison is made difﬁcult by the fact that the four-ﬁnger
ZFNs were made using selection strategy followed by assem-
bly while a simple assembly approach was used to make the
three-ﬁnger ZFNs. Furthermore, at this juncture the experi-
mental comparison of ZFN-mediated gene targeting between
3,4,5andeven6-ﬁngerZFNs remainsquitelimitedbythefact
that there is no published data regarding the use of either 5- or
6-ﬁnger ZFNs for gene targeting. We hope that this will be
rectiﬁed in the near future and direct comparisons of such
ZFNs for both their speciﬁcity of targeting and their lack of
cytotoxic effects will determine which number of ﬁngers
within a ZFN is optimal. Just as determining which strategy
to use for the design of ZFPs (assembly versus selection), it
may also be that the optimal number of ﬁngers may be determ-
ined by the ultimate useofthe ZFN. Itmay bethat oneneeds to
invest the additional energy into making speciﬁc 4, 5 or even
6-ﬁnger ZFNs only if the goal is to use them for treatment of
human diseases.
Given the current status of ZFN technology, it would be
reasonable to expect that an investigator could use ZFNs to
facilitate targeting their gene of interest if the gene contained
the following consensus sequence 50-NNCNNCNNC(N)4–6
GNNGNNGNN-30. Such a sequence would be expected to
occur approximately once every 1000–1500 bp. Efﬁcient
gene targeting occurs best if the target sequence is <100 bp
from the site of the DSB but they can also occur at much
greater distances (85–87). This ability to target at a distance
from the site of the ZFNs further increases the probability that
this technology can be used to target a speciﬁc gene within a
plant or a mammalian genome including the human genome.
So far, the technology has remained in the hands of a few
selected labs because of the difﬁculty associated with gener-
ating highly sequence-speciﬁc ZFNs (87). Because of the
promise of ZFN technology, scientists are working hard to
reﬁne and improve the design and selection strategies for
creating highly sequence-speciﬁc ZFNs that are needed for
various biomedical applications.
FUTURE OUTLOOK
ZFNs are becoming powerful research tools for highly efﬁci-
ent and permanent site-speciﬁc modiﬁcation of various types
of cells, organisms, plants and animals. It must be emphasized
that the sequence-speciﬁcity and afﬁnity of the engineered
ZFNs are only as good as the ZFPs that are used to construct
them. While designed three-ﬁnger ZFNs may be sufﬁcient to
achieve targeted genome engineering of plants and animal
cells in most cases, optimized four-ﬁnger ZFNs with higher
sequence-speciﬁcity and afﬁnity would likely yield even better
results. Optimized four-ﬁnger proteins appear to have both
higher rates of targeting and less cytotoxicity in mammalian
cells. Coupling ZFN-mediated gene targeting to a positive-
negative selection protocol (3) might lead to further improve-
ments in gene modiﬁcation efﬁciency.
There is also excitement in the scientiﬁc community that
ZFN-based strategies will make targeted correction of a gen-
etic defect feasible in the future, especially in treating mono-
genic diseases. Several areas of research appear to be
converging and coalescing to make gene therapy a reality.
Figure 8. ZFN-mediated directed mutagenesis in human cells. (A) Targeted
disruption of the CCR5 gene by NHEJ (mutagenic repair) using engineered
ZFNs. Cells are transfected with ZFNs alone. CCR5 (m) depicts mutant CCR5
gene. (B) Targeted disruption of the CCR5 gene by ZFN-induced homology-
directed repair. In this experiment, cells are transfected with both ZFN and
CCR5D32 (or mutant CCR5 DNA).
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now available. Also, rapid progress is being made in stem cell
research. The ﬁrst applications of ZFN-based strategies as a
form of gene therapy to treat human diseases will likely occur
inex-vivogene therapy usingstemcells.Here, the desired cells
can be identiﬁed through selection, expanded in culture and
replenished into patients. The initial gene targets in human
stem cells will likely include IL2Rg gene and b-globin gene
for ZFN-mediated gene correction and CCR5 gene for ZFN-
mediated directed mutagenesis (Figure 8) (1,2,11). It must be
emphasized that ZFN-based strategies as a form of gene ther-
apy is still at its infancy. Several issues, like efﬁcient gene
delivery into the targeted cells and immune response to ZFNs,
etc. still remain that need to be addressed very systematically
and carefully before ZFNs can be considered for human thera-
peutics. Since the ZFNs will only be expressed transiently, it
decreases the probability that they will invoke an undesired
immune response but this remains to be tested. These are
discussed in detail elsewhere (2). We expect that custom-
designed ZFNs, the new type of molecular scissors that are
engineered to target a unique site within the human genome,
will contribute and greatly aid the feasibility of targeted and
site-speciﬁc engineering of the human genome in the future.
Ethical issues aside, we anticipate that over the next decade or
so the technicalproblems associated with gene deliverywillbe
overcome and that gene therapy will be routinely used in a
clinical setting. This will ﬁnally signify a paradigm shift in the
treatment of human diseases.
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